During fertilization, sperm are guided towards eggs by physiological chemokines, a 34 process named sperm chemotaxis. Human sperm chemotaxis is speculated to be 35 mediated by olfactory receptor OR1D2 in a pathway requiring calcium influx. 36 Bourgeonal, an artificial ligand of OR1D2, can activate CatSper, the primary calcium 37 channel in human sperm. However, whether bourgeonal-induced CatSper activation 38 requires OR1D2 and how CatSper is activated remain unclear. Herein, we show that 39 65 Surprisingly, the expression of functional ORs is not tightly restricted to olfactory 66 sensory neurons. For example, some ORs have been identified in early stage germ 67 cells and mature sperm of rats and dogs (12, 13), suggesting potential roles of ORs in 68 the mammalian reproductive system. In 2003, the mRNA transcript of OR1D2 was 69 identified in human testis. More importantly, bourgeonal, a synthetic ligand of 70 OR1D2, was shown to increase human sperm [Ca 2+ ] i (cytosolic free calcium 71 concentration) and induce sperm chemotatic movement (8). In the follow-up studies, 72 although other OR members (OR7A5/OR4D1) have been identified in human testis, 73 there is no evidence supporting their involvement in the regulation of human sperm 74 3 chemotaxis (14). Therefore, OR1D2 receptor remains the only candidate as a mediator 75 of human sperm chemotaxis, although the consequent signaling after OR1D2 76 activation remain unclear. 77 In sea urchin, regulation of [Ca 2+ ] i fluctuations is the key feature of sperm 78 chemotaxis (15, 16). Bourgeonal-induced human sperm chemotaxis also requires 79 calcium influx (8), suggesting that calcium channels play key roles in human sperm 80 chemotaxis. Although various calcium channels have been proposed to be present in 81 human sperm (17), only CatSper, the sperm specific calcium channel, has been 82 confirmed by patch clamping (18-21). Notably, CatSper gene deletion in both mice 83 and humans produces male infertility, indicating the vital role of CatSper (22-26). It 84 has been proposed that bourgeonal activates human sperm CatSper (27), although 85 whether OR1D2 is necessary for bourgeonal to activate CatSper remains unclear. 86 Since ORs usually transfer extracellular signals through G-protein dependent 87 signaling pathways (11, 28), the involvement of molecules in the G-protein pathways 88 should be expected in bourgeonal-mediated effects, if bourgeonal indirectly activates 89 CatSper through binding with OR1D2. However, 250 μM GDP-β-S showed no 90 inhibitory effect on bourgeonal-induced CatSper activation (27). In addition, no 91 significant increase of cAMP concentration in human sperm had been detected after 92 bourgeonal incubation (27). Those results led to the proposal that bourgeonal may 93 activate CatSper directly (27), raising the question whether OR1D2 participates in the 94 bourgeonal-induced human sperm chemotaxis. 95 Because CatSper is present in species ranging from lower invertebrates to higher 96 mammals and plays crucial role in sperm function regulation (19, 29), the activation 97 mechanism of CatSper has drawn intensive attention. Besides intrinsic pH and voltage 98 sensitivities (19, 20, 21, 30, 31), CatSper can be activated by a variety of 99 physiological and environmental factors (27, 32), which had all been proposed to 100 activate CatSper directly, leading to the idea that CatSper is a poly-modal sensor (27). 101 Interestingly, recently progesterone has been shown to increase CatSper current by 102 activating orphan enzyme alpha/beta hydrolase domain containing protein 2 (ABHD2) 103 to remove an endogenous inhibitory effect of endocannabinoid 104 2-arachidonoylglycerol (2-AG) on CatSper (33). Nevertheless, the studies above 105 suggest that intracellular signaling pathways are not involved in the activation of 106 CatSper by extracellular signaling molecules. 107 Apart from OR1D2, some other G-protein coupled receptors (GPCRs) have been 108 reported to exert regulatory effects on human sperm function, for instance, CCR6 (34) 109 and G protein-coupled receptor 18 (GPR18) (35). In addition, the presence of key 110 components in G protein-dependent pathways, such as stimulatory subunits G olf , Gα s 111 and mAC (membrane adenylate cyclase) Ⅰ-Ⅸ, has been confirmed by multiple 112 techniques in human sperm (36, 37), suggesting a potential role of G-protein 113 dependent signaling in regulating human sperm function. Thus, clarification of 114 whether OR1D2 is necessary for bourgeonal to activate CatSper is not only critical for 115 understanding the chemotaxis mechanism in human sperm, but may also offer insight 116 into how CatSper is activated by extracellular stimuli in general. 117 In this study, OR1D2 antibody was applied to investigate whether OR1D2 is 118 4 required for bourgeonal to activate CatSper and induce chemotaxis in human sperm. 119 Furthermore, the potential involvement of intracellular signaling pathway in 120 bourgeonal-induced CatSper activation has also been explored. Our results indicate 121 that OR1D2 mediates bourgeonal-induced CatSper activation through a G-protein 122 dependent manner. This study demonstrates that OR1D2-G protein-cAMP pathway is 123 involved in human sperm chemotaxis regulation, and even more importantly, it 124 provides an example that intracellular signaling pathways must be taken into 125 consideration when studying the mechanisms by which CatSper is activated by 126 extracellular stimuli. 127
OR1D2 was distributed along the whole sperm tail ( Figure S1A ). In negative groups, 138 neither fluorescence staining nor protein band could be detected after replacing 139 OR1D2 antibody with corresponding nonspecific IgG ( Figure S1A and B) . (Figure 2A and B) . 156 When OR1D2 antibody was added together with bourgeonal, the increase extent of Figure 2C and D) . As a control, 1 μg/ml rabbit IgG had no effect on 161 bourgeonal-induced CatSper currents ( Figure S2B and C) . 162 Because the specificity of OR1D2 antibody is crucial to establish the requirement 163 of OR1D2 for bourgeonal-induced CatSper activation, the specificity of this antibody Figure S7A ). Furthermore, linear 187 regression analysis from 32 donors showed that OR1D2 levels correlated positively 188 with sperm [Ca 2+ ] i increases caused by bourgeonal ( Figure S7B , r 2 = 0.83, P < 189 0.0001). Since human sample with complete deletion of OR1D2 had not been 190 successfully screened, the expression of OR1D2 in mouse sperm was examined.
191
Western blot analysis showed that OR1D2 was not present in mouse sperm (Figure 192 S8A). Accordingly, bourgeonal failed to increase mouse CatSper currents, which 193 could be activated by the well-established stimulus sodium bicarbonate (NaHCO3) 194 (19, 39) ( Figure S8B and C). Overall, these additional evidences confirm that OR1D2 195 mediates bourgeonal-evoked CatSper activation.
196
In fact, the idea that OR1D2 receptor mediates human sperm chemotaxis was solely 197 based on the previous report that the OR1D2 agonist bourgeonal could evoke sperm Figure S12A Figure 2E ).
341
These results support that OR1D2 is required for bourgeonal-induced chemotaxis in 342 human sperm.
344
Except for antibody application, currently there is no specific method to interrupt 345 OR1D2 in human sperm. During this study, we were fully aware that the conclusions Figure S7B , r 2 = 0.83, P < 0.0001). Overall, all of these results support 358 that the antibody utilized here would specifically interrupt OR1D2.
360
During this study, OR1D2 antibody was applied from the extracellular side, thus it 361 is important to consider the epitope of the antibody and the topology of OR1D2.
362
According to the information provided by Sigma Aldrich, the epitope of this OR1D2 suggested the existence of OR1D5 in human sperm ( Figure S15A ). However, OR1D5 387 antibody had no effect either on the increase of CatSper currents ( Figure S15B Figure 3A and B) . this study successfully detected a significant cAMP increase after bourgeonal 433 application ( Figure 5B ). This inconsistence may be based on two facts. First, different 434 detection methods were used in these two studies, and the method used here has wider 435 measurement range (0.3-750 pmol/ml VS 1.5-450 pmol/ml). Second, the increase of Figure 6C and D) , indicating the activation of mACs following 451 bourgeonal application. Since some studies pointed out that sAC rather than mACs 452 may be the key factor for cAMP regulation in some mammalian sperm (47), the effect 453 of KH7, the inhibitor of sAC had been examined and no effect on the increases of After the completion of the previous steps, sperm proteins were extracted according to 571 15 reference (65). The protein concentrations were determined by the bicinchoninic acid 572 (BCA) method (Thermo Scientific, USA). The immunoblotting assays were 573 conducted as described (63) and the dilutions of primary and secondary antibodies 574 were as follows: 1:500 for anti-OR1D2 antibody; 1:10000 for secondary antibodies, 
